INTRODUCTION {#SEC1}
============

Ochratoxin A (N−\[\[(3R)−5-chloro−8-hydroxy−3−methyl−1−oxo−7−isochromanyl\] carbonyl\]−3-phenyl−L−phenylalanine), abbreviated as OTA, is a mycotoxin produced by species of *Aspergillus* ([@B1],[@B2]) and *Penicillium* ([@B3]), and a common agricultural contaminant. Humans are exposed to OTA through a wide variety of foodstuffs, such as cereals grains ([@B4]), legumes ([@B5]) and beverages, including coffee ([@B5],[@B6]), wines and fruit juices ([@B7]). OTA is believed to be involved in a number of toxicological effects, such as nephrotoxicity ([@B8]), hepatotoxicity ([@B9]), teratogenicity ([@B10]), immunotoxicity ([@B11]), neurotoxicity ([@B12]), genotoxicity ([@B13]) and carcinogenicity ([@B14]). OTA exposure leads to a high occurrence of renal carcinogenesis in rats and has been implicated in urinary tract tumors ([@B15]) and testicular carcinogenesis ([@B16]) in humans. In fact, the nephrotoxic effects of OTA are so pronounced that it is the most potent renal carcinogen in rodents studied by the National Cancer Institute/National Toxicological Program to date ([@B17]). Due to sufficient evidence of OTA-mediated carcinogenicity in laboratory animals, OTA is classified as a possible (Group 2B) human carcinogen by the International Agency for Research on Cancer ([@B18]).

Several studies have been devoted to understanding the mechanism of action (MOA) of OTA-mediated toxicity and carcinogenicity. In addition to proposing several possible pathways for OTA bioactivation ([@B19]), these studies have generated considerable debate on the genotoxicity of OTA. Of particular interest are the contradictory results regarding whether OTA exerts carcinogenicity in rodents by an indirect mechanism or a direct interaction with DNA through the formation of adducts ([add]{.ul}ition prod[ucts]{.ul}). Over the past decade, new studies have strengthened the argument that direct genotoxic effects contribute to OTA-induced tumor formation ([@B13],[@B20]--[@B28]). Specifically, OTA-derived DNA adducts in OTA-exposed animal tissue have been detected in animal tissues ([@B24],[@B25]). Most recently, an increase in mutant frequency, as well as induction of double-strand breaks and deletion (frameshift) mutations, at the *red*/*gam* gene at the carcinogenic target site of *gpt* delta transgenic rats strongly suggests the involvement of a genotoxic mechanism(s) in OTA-mediated carcinogenesis ([@B20],[@B26],[@B27]).

Despite the known carcinogenic effects of OTA, regular human exposure to this contaminant in foodstuffs varies throughout the world. Health Canada recommends a relatively stringent tolerable daily intake (TDI) of 28 ng/kg bw/week based on a nonthreshold model of risk assessment, which is generally applied to carcinogens that cause tumors through direct genotoxicity mechanisms ([@B29]). However, the European Food Safety Agency (EFSA) has established a relatively relaxed TDI for OTA of ∼120 ng/kg bw/week, which partially stems from a threshold-based approach of risk assessment that is normally implemented for nongenotoxic chemicals ([@B30]). The EFSA TDI assessment is mainly influenced by reports claiming an absence of the genotoxic MOA in OTA-mediated carcinogenicity ([@B31],[@B32]). Therefore, structural and mechanistic studies have a critical role in influencing legislative attitudes related to the assessment of carcinogen exposure and consequent human health hazards.

Crucial information supporting the formation of DNA adducts in the genotoxic mechanism of OTA action has been provided by studies that have elucidated and characterized the chemical structure of covalent OTA adducts at specific DNA sites. *In vitro* assays on kidney microsomes prepared from male mice in the presence of four DNA nucleotides (dA, dC, dG and dT) and OTA suggest that OTA forms guanine-specific adducts ([@B33],[@B34]). In particular, the photochemical reaction of OTA with 2′-deoxyguanosine (dG) indicates that OTA specifically reacts at the C8 site of dG to form the carbon-linked adduct (OTB-dG, Figure [1](#F1){ref-type="fig"}), which was characterized by mass spectrometry and 2D nuclear magnetic resonance (2D-NMR) spectroscopy ([@B23]). In addition to the major OTB-dG adduct, a minor oxygen-linked (OTA-dG) adduct has been characterized by mass spectroscopy ([@B22],[@B24]). The formation of the OTB-dG C-linked adduct in animal tissues was established by ^32^P-postlabeling studies in the renal tissues of rats and pigs ([@B24],[@B25]). Using mass spectrometry data of isolated OTB-dG as a standard, the OTA-DNA adducts were further characterized *in vitro* with calf thymus DNA ([@B22]).

![(**A**) Chemical structure of the OTB-dG adduct. Green wavy bonds represent the 5′ and 3′ sites where the adduct is linked to the DNA backbone. Torsion angles χ at the sugar--nucleobase linkage and θ at the nucleobase--substituent linkage are defined as follows: χ = ∠(O4′--C1′--N9--C4) and θ = ∠(N9--C8--C10--C11). The OTB-dG adduct can exist in neutral (non-ionized), monoanionic (carboxylic group ionized) and dianionic (carboxylic and phenolic groups ionized) forms. (**B**) The 12mer *Nar*I recognition sequence used for MD simulations, where the OTB--dG lesion was incorporated at the G^1^, G^2^ or G^3^ position.](gku821fig1){#F1}

DNA damage through covalent adduct formation can alter the processing of genetic material by enzymes involved in DNA replication, which can lead to mutations ([@B35]). If the adducts persist in cells, such mutations may ultimately lead to cancer, especially when the lesion is located at the (proto) oncogene or tumor suppressor gene. Therefore, a number of studies have been devoted to understanding the effects of adduct formation on cellular DNA processing ([@B36]--[@B38]). However, in order to understand these effects, the conformational preferences of the damaged DNA duplex must be first understood ([@B39]). This is critical since dsDNA conformations correspond to the 'mutagenic decision point' that replication enzymes encounter before reaching the single-strand--double-strand junction at the replication fork, where the actual mutation takes place ([@B40]). In addition, a number of studies have shown that the conformational preference of a particular lesion also has a significant effect on its tendency to be recognized and removed by enzymes involved in the repair of bulky DNA adducts ([@B35],[@B39],[@B41]).

Although considerable progress has been made toward structurally characterizing the effects of a variety of potentially carcinogenic bulky DNA adducts, the site-specific incorporation of OTB-dG into DNA has yet to be attempted. However, previous NMR and computational studies on the well-studied carcinogenic N-linked aromatic amine DNA adducts suggest general DNA conformational themes that are prevalent among the broad class of C8-dG adducts ([@B42]). Specifically, a B-DNA type 'major groove' conformation places the C8-bulky moiety in the DNA major groove and maintains Watson--Crick hydrogen bonding with the opposing nucleotide (Figure [2](#F2){ref-type="fig"}, left). On the other hand, the 'wedge' conformation positions the C8-moiety in the minor groove and forms non-Watson--Crick pairing with the opposing base (Figure [2](#F2){ref-type="fig"}, middle). Finally, a 'base-displaced intercalated' (stacked) conformation has also been observed in which the C8-substituent is located between the neighboring base pairs in DNA, ruptures the Watson--Crick pairing with the opposing cytosine and thereby displaces C out of the helix (Figure [2](#F2){ref-type="fig"}, right) ([@B42]). Studies on a variety of C8-adducts have shown that the equilibrium between these DNA conformations is affected by a variety of local structural factors, including the strength of the Watson--Crick versus Hoogsteen binding arrangements, the stacking potential of the C8-moiety and the identity of the nearest and next-nearest nucleotides ([@B35],[@B39]).

![Representative possible conformations of adducted DNA with the OTB-dG lesion shown at the G^3^ position in the *Nar*I recognition sequence. Although simulations are carried out using both the α and β-rotamers, the energetically more stable α-rotamer is shown here.](gku821fig2){#F2}

Unlike the carboxylic and phenolic functional groups of OTB-dG, previously studied adducts, such as the N-linked aromatic amine lesions, do not contain an ionizable site. Therefore, to the best of our knowledge, the effect of the ionization states of a DNA adduct on the adducted DNA conformation has yet to be studied in the literature. In the case of OTB-dG, previous work indicates that the pKa of OTA is greatly influenced by environmental factors, such as macromolecular binding ([@B43]) and solvation ([@B44]). For example, binding of OTA to human serum albumin lowers the pKa of the OTA phenolic group to 3.9 ([@B43]). Furthermore, the OTA phenolic group is even more acidic than the carboxylic group in the presence of acetonitrile solvent ([@B44]). These results indicate that the surrounding environment of the lesion, and therefore likely DNA binding, will influence the pKa of the OTA moiety. Thus, understanding the conformational preferences of OTB-dG adducted DNA in different ionization states is critical for evaluating the effect of charge on adduct-induced conformational heterogeneity, which in turn will help elucidate the mutagenic potential of OTB-dG.

To explore the preferred conformations of OTB-dG adducted DNA, the present work undertakes an extensive molecular modeling study, including molecular dynamics (MD) simulations and post-processing free energy calculations, to determine the conformational preferences of OTB-dG adducted DNA in three protonation states at the G^1^, G^2^ or G^3^ sites in the *Nar*I sequence (5′--CTC[G^1^G^2^CG^3^CC]{.ul}ATC--3′) opposite complementary cytosine. The center of this sequence (underlined) is the recognition site of the *Nar*I Type II restriction endonuclease, which is the most vulnerable hotspot for deletion mutations induced by carcinogenic N-linked C8-dG adducts ([@B45]), and the site-specific incorporation of a variety of C8-linked adducts has been studied in this sequence ([@B41],[@B46]--[@B50]). Since OTA exposure has been linked to an increase in the frequency of deletion mutations at carcinogenic target sites ([@B20],[@B26]), we chose the *Nar*I sequence to study the conformational preferences of the OTB-dG lesion. This choice also allows direct comparison of the conformational preferences of the OTB-dG adduct with widely studied C8-bonded N-linked carcinogenic aromatic amine lesions ([@B41],[@B49],[@B51]--[@B54]), and thereby the elucidation of the role of adduct structure in dictating the DNA conformational preferences. Our results indicate that OTB-dG adducted DNA has the tendency to adopt a mixture of major groove, wedge and base-displaced intercalated conformations when paired against complementary cytosine in the *Nar*I sequence. The biological implications of these multiple conformations are discussed in detail and compared to the corresponding N-linked C8-dG adducts.

MATERIALS AND METHODS {#SEC2}
=====================

OTB-dG models {#SEC2-1}
-------------

OTA is a weak acid with a dissociation constant (pK~a~) of ∼4.4 for the carboxylic and 7.1 for the phenolic group ([@B55]). Thus, the OTB-dG adduct may exist in carboxylic ionized (monoanionic), and carboxylic and phenolic ionized (dianionic) forms at neutral or physiological pH. Thus, both the monoanionic and dianionic OTB-dG protonation states were considered in the present work. For comparison simulations were also conducted on the non-ionized (neutral) adduct, which may not be physiologically relevant.

MD simulations {#SEC2-2}
--------------

MD simulations were carried out by incorporating neutral, monoanionic or dianonic OTB-dG at the G^1^, G^2^ or G^3^ position in the *Nar*I helix opposite complementary cytosine. We investigated all conformational themes previously observed by NMR methods for other (N-linked) C8-dG modified duplexes ([@B51]), namely the major groove (*anti*), base-displaced intercalated (*syn*) and (minor groove) wedge (*syn*) structures. For each conformation, two rotamers along the axis passing through the fused six-member rings of the OTA isocoumarin moiety were considered, which are related by an ∼180° flip along the torsion angle θ (∠(N9C8C10C11), Figure [1](#F1){ref-type="fig"}). The rotamers are referred to as α (θ ∼ 0°) and β (θ ∼ 180°; Supplementary Figure S1). The unmodified control sequence was also studied for comparison.

For each structure, an MD simulation was carried out in explicit solvent (water and sodium counterions) for 40 ns using the AMBER program ([@B56],[@B57]). The results of these simulations provided stable structures corresponding to each of the α and β-rotamers, where a unimodal distribution with respect to θ and χ was found for all conformers. Free energy calculations were carried out based on the ensemble of structures derived from the MD trajectories, using the Molecular Mechanics-Poisson Boltzmann Surface Area (MM-PBSA) method ([@B58]), with the AMBER package, which yielded energy rankings for different conformations of adducted DNA. MM-PBSA free energy calculations have been successfully applied in the literature to study the conformational properties of natural and modified DNA ([@B59]--[@B61]). The ptraj and cpptraj modules ([@B62]) of AMBER were used for structural analyses. Additional details of the calculations, including force fields, MD protocol, free energy calculations and structural analyses are provided in the Supplementary Data.

RESULTS {#SEC3}
=======

Free energy ranking of different OTB-dG conformations paired against complementary cytosine {#SEC3-1}
-------------------------------------------------------------------------------------------

### α-rotamers are energetically more stable than β-rotamers {#SEC3-1-1}

Free energy calculations (Table [1](#tbl1){ref-type="table"}) indicate that the α-rotamer (Supplementary Figure S1) is the energetically preferred conformation about the OTB-dG θ torsion angle (Figure [1](#F1){ref-type="fig"}), with the relative free energy difference being dependent on the conformation adopted (major groove, wedge or base-displaced intercalated) and the ionization state of the OTA-moiety (neutral, monoanionic or dianionic). For the wedge conformations, the α/β relative free energy difference is at least 9 kcal mol^−1^ in all cases, except the neutral adduct at the G^3^ position, where the β-rotamer is within 4 kJ mol^−1^ of the α-rotamer. Similarly, for the base-displaced intercalated structures, the relative free energy difference between the α and β-rotamers ranges from 4 to 22 kcal mol^−1^, being greatest for dianionic OTA. Thus, the β-rotamer can be substantially destabilized compared to the α-rotamer in both the wedge and base-displaced intercalated conformations. However, the free energies of the major groove conformations with the α and β-rotamers at the G^1^, G^2^ or G^3^ positions fall within 2 kcal mol^−1^ for at least one OTA ionization state, indicating that both rotamers are energetically accessible for this conformation. This can be rationalized according to reduced steric hindrance in the major groove conformations, which makes the β-rotamer accessible. Since the α-rotamer is more stable than the β-rotamer in all cases, results for the α-rotamer are presented in the main text, while the structural details of both the α and β-rotamers are provided in Supplementary Tables S1--S3 and Supplementary Figures S2--S4.

###### Free energy rankings (kcal mol^−1^) of adducted DNA conformations with OTB-dG at the G^1^, G^2^ or G^3^ position in the *Nar*I recognition sequence^a^

  Lesion                  Conformation                            Rotamer^b^   Position            
  ----------------------- --------------------------------------- ------------ ---------- -------- --------
                          Major groove                            α            0.0        0.0      0.0
  Neutral OTB-dG^c^                                               β            (8.3)      (0.9)    (2.3)
                          Wedge                                   α            1.6        5.1      1.7
                                                                  β            (14.1)     (34.1)   (5.0)
                          Base-displaced (stacked) Intercalated   α            1.8        2.1      1.7
                                                                  β            (7.5)      (9.6)    (5.4)
                          Major groove                            α            0.0        0.0      7.0
  Monoanionic OTB-dG^c^                                           β            (5.5)      (0.7)    (8.5)
                          Wedge                                   α            0.2        7.1      0.0
                                                                  β            (9.5)      (16.5)   (16.3)
                          Base-displaced (stacked)                α            6.3        0.7      2.9
                          Intercalated                            β            (10.6)     (5.8)    (23.2)
                          Major groove                            α            0.5        0.0      0.0
  Dianionic OTB-dG^c^                                             β            (7.1)      (5.4)    (8.3)
                          Wedge                                   α            0.0        4.7      0.7
                                                                  β            (12.7)     (18.3)   (30.2)
                          Base-displaced (stacked)                α            7.5        4.4      8.3
                          Intercalated                            β            (18.2)     (18.4)   (12.4)

^a^See Supplementary Data for details of the free energy calculations.

^b^See Supplementary Figure S1 for the definition of the α and β-rotamers.

^c^See Figure [1](#F1){ref-type="fig"} for the definition of OTA ionization states.

### Relative stabilization of the different conformations depends on the sequence context {#SEC3-1-2}

The α-rotamers of the major groove, wedge and base-displaced intercalated conformations lie within 9 kcal mol^−1^ when the OTB-dG adduct is at the G^1^, G^2^ or G^3^ position in the *Nar*I recognition sequence (Table [1](#tbl1){ref-type="table"}). The small free energy difference between helices suggests significant conformational heterogeneity for the OTB-dG lesion. Furthermore, this conformational heterogeneity occurs regardless of the bases flanking the OTB-dG (or the OTB-dG position) or the OTA ionization state. However, the free energy ranking of different conformations depends on the sequence context. Specifically, at the G^1^ position, the major groove and wedge conformations fall within 2 kcal mol^−1^, while the base-displaced intercalated structures are 2--8 kcal mol^−1^ higher in energy, for all OTA ionization states. Although the major groove structures remain the most stable regardless of the ionization state at G^2^, the stacked conformations are more stable than the wedge conformations (by up to 6.4 kcal mol^−1^). On the other hand, the conformational preference is dependent on the ionization state at the G^3^ position. Specifically, the wedge conformation is 7 kcal mol^−1^ more stable than the major groove conformation for the monoanionic adduct, while the major groove conformation is the most stable for the neutral and dianionic states (by 0.7 and 1.7 kcal mol^−1^ relative to the wedge conformation, respectively). However, the base-displaced intercalated structures lie ∼2--8 kcal mol^−1^ above the lowest energy conformation for all three OTA forms at G^3^. Regardless of the position or OTA ionization state considered, at least two of the major groove, wedge and base-displaced intercalated structures lie within 5 kcal mol^−1^, the energy cutoff used to determine the accessible conformations for an N-linked bulky adduct ([@B63]). Thus, a dynamic equilibrium between different conformations will be observed in OTB-dG damaged DNA helices with the lesion paired against cytosine.

Salient structural characteristics of the major groove OTB-dG adducted DNA conformations {#SEC3-2}
----------------------------------------------------------------------------------------

### Major groove conformations are structurally similar to the unmodified control {#SEC3-2-1}

The major groove conformations of OTB-dG (Figure [3](#F3){ref-type="fig"}) retain strong Watson--Crick hydrogen bonding with more than 96% occupancy of each of the three hydrogen bonds (Supplementary Table S4). The corresponding base pairing interaction energy is at least 22 kcal mol^−1^ (Supplementary Table S1), which is ∼2 kcal mol^−1^ smaller for neutral OTB-dG compared to the unmodified control (Supplementary Table S1). Interestingly, the deviation from natural DNA increases with OTA ionization, possibly because of enhanced repulsive interactions due to the close proximity of charged OTA and the DNA phosphate groups. Nevertheless, the slight decreases in the hydrogen-bond strength are compensated for by enhanced stacking interactions (by up to 4 kcal mol^−1^ compared to the natural helix), which are less affected by adduct ionization. Furthermore, the stacking interactions display no significant sequence dependence (Figure [4](#F4){ref-type="fig"}) in any OTA ionization state. In addition to discrete interactions, general structural features of the adducted helices at the lesion site, such as shift, slide, rise, tilt, roll, twist and minor groove dimensions, are similar to the natural helix for the major groove structures (Supplementary Table S1). The Watson--Crick hydrogen bonding of the flanking base pairs also remains similar to the unmodified control for all adducted helices (Supplementary Table S4). Nevertheless, contrary to the natural *Nar*I helix, which acquires a mixture of C2′-*endo* and C1′-*exo* puckers at G^1^ and G^3^ and a dynamic range of puckers at G^2^ (Supplementary Figure S17), OTB-dG predominantly acquires an O4′-*endo* sugar pucker in the major groove adducted conformation at all three positions, possibly to minimize steric interactions between the bulky moiety and the sugar ring (Supplementary Figures S14).

![Representative structures of the major groove conformation of adducted DNA with the neutral OTB-dG adduct (α-rotamer) incorporated at the G^1^, G^2^ or G^3^ position in the *Nar*I recognition sequence. Central trimers are shown that include the lesion--base pair (green, with bulky moiety in red) and the flanking base pairs (blue) viewed from the major groove side. The sugar-phosphate backbone is in white and hydrogen atoms are removed for clarity.](gku821fig3){#F3}

![Comparison of the stacking interaction energies involving the OTB-dG adduct in different ionization states at G^1^ (red), G^2^ (blue) or G^3^ (green) in the *Nar*I recognition sequence. The average of the G^1^, G^2^ and G^3^ stacking interactions in the natural sequence is shown in purple.](gku821fig4){#F4}

Salient structural characteristics of the wedge OTB-dG adducted DNA conformations {#SEC3-3}
---------------------------------------------------------------------------------

### Strength of the Hoogsteen hydrogen bonding in the wedge conformations depends on the sequence context and adduct ionization state {#SEC3-3-1}

The wedge conformations of OTB-dG adducted DNA can possess two Hoogsteen hydrogen bonds involving the N4 amino group of the opposing cytosine at G^1^ and G^3^, and a single Hoogsteen hydrogen bond at G^2^, where the occupancies of these hydrogen bonds increase with the charge of the lesion (Figure [5](#F5){ref-type="fig"} and Supplementary Table S5). The change in Hoogsteen hydrogen bonding is related to the identity of the 5′ nucleotide with respect to the adduct. Specifically, at the G^2^ position, the purine (guanine) nucleotide on the 5′-side of the adduct sterically repels the C8-moiety, and thereby pushes the adducted nucleotide slightly out of the helix toward the minor groove. This results in the loss of a Hoogsteen hydrogen bond with the opposing cytosine. However, such steric interactions are greatly reduced when a pyrimidine (cytosine) flanks the 5′-side of the adduct at the G^1^ and G^3^ positions.

![Hydrogen-bonding interactions between OTB-dG in different ionization states at the G^1^, G^2^ or G^3^ positions and the opposing cytosine in adducted helices adopting the wedge conformation. The hydrogen bonds are indicated by dashed lines, and the corresponding occupancies are provided.](gku821fig5){#F5}

In addition to sequence context, the adduct ionization state affects the Hoogsteen hydrogen-bonding interactions between the lesion and the opposing cytosine. Although adduct ionization affects the occupancies of Hoogsteen hydrogen bonds at all three positions, there is also a structural effect at G^2^. Specifically, the neutral lesion at G^2^ leads to greater penetration of the C8-moiety into the helix, which is accompanied by a change in the Hoogsteen hydrogen-bonding pattern at the lesion site compared to the ionized OTB-dG lesions (Figure [5](#F5){ref-type="fig"}).

With the exception of the increase in rise parameter (by at least 0.7 Å) and minor groove width (by at least 2 Å) in the case of the anionic OTB-dG lesions at G^2^ due to the change in the hydrogen-bonding pattern (Figure [6](#F6){ref-type="fig"}), no significant structural perturbations are observed at the lesion site compared to the unmodified control helix (Supplementary Table S2). In addition, the base pairs flanking the lesion, as well as those at the terminal ends of the helix, remain intact during the simulations (Supplementary Tables S5 and S7). Nevertheless, the wedge conformations at all three studied positions predominantly acquire a C1′-*exo* sugar pucker (Supplementary Figure S16).

![The difference between the twist (represented as the untwisting angle), rise and minor groove width for different conformations of the OTB-dG modified *Nar*I DNA duplex relative to the unmodified control.](gku821fig6){#F6}

### Hydrogen-bonding pattern in the wedge conformation influences the sequence dependence of the free energy rankings {#SEC3-3-2}

As discussed, the wedge conformation of OTB-dG adducted DNA involves two hydrogen bonds at G^1^ and G^3^, and a single hydrogen bond at G^2^ due to the identity of the 5′-flanking base (*vide supra*). This decrease in hydrogen-bonding strength explains why the wedge conformation is energetically less accessible at G^2^ compared to G^1^ and G^3^ (Table [1](#tbl1){ref-type="table"}). Such a sequence dependence of the conformational preferences has been observed for C8-linked aromatic amine adducts, where the identity of the nearest and next-nearest nucleotides dictates the equilibrium between conformations ([@B35],[@B39],[@B64]).

### Stacking interactions determine the adduct ionization-dependent stability of the wedge conformation at G^2^ and G^3^ {#SEC3-3-3}

Although all three OTA ionization states possess a single hydrogen bond at G^2^, the hydrogen bonding of the neutral form differs in the cytosine amino hydrogen that participates in hydrogen bonding compared to the ionic forms due to the greater penetration of the opposing C into the helix (Figure [5](#F5){ref-type="fig"}). This geometric difference leads to deviations in the base pairing energy and stacking strengths of the neutral versus charged lesions at G^2^. Specifically, the neutral stacking and hydrogen-bonding energies are larger (by up to 7 and 14 kcal mol^−1^, respectively) than those of the charged forms. Interestingly, this hydrogen-bonding mediated enhancement in stacking in the neutral form at G^2^ also explains why the stacking interactions at G^2^ are comparable to those at G^1^ and G^3^ for neutral OTB-dG, but weaker for ionic OTB-dG.

Table [1](#tbl1){ref-type="table"} indicates that the major groove conformations are generally more stable compared to the wedge conformation at all three positions, with the notable exception of the more stable wedge conformation (by 7 kcal mol^−1^ relative to the major groove conformer) when monoanionic OTB-dG is at G^3^. Figure [4](#F4){ref-type="fig"} indicates that the stacking interactions of the wedge conformation at G^3^ are significantly enhanced in the monoanionic form compared to the corresponding neutral and dianionic states (by on average 6--7 kJ mol^−1^, Supplementary Table S2). Furthermore, the average stacking energy of the monoanionic wedge conformation is (5.3 kcal mol^−1^) greater than for the corresponding major groove conformation. On the other hand, the wedge conformation of the neutral and dianionic forms at G^3^ have weaker stacking compared to the corresponding major groove conformations (Supplementary Tables S1 and S2). The enhancement in stacking for the monoanionic lesion is partly driven by the formation of an out-of-plane hydrogen bond between N4 of the opposing cytosine and O2 of the cytosine on the 3′ side of the adduct (Figure [7](#F7){ref-type="fig"}).

![Hydrogen bond between N^4^ of cytosine opposing the monoanionic OTB-dG adduct at the G^3^ position and O2 of the 3′ cytosine with respect to the adduct in the *Nar*I adducted wedge conformation.](gku821fig7){#F7}

Salient structural characteristics of the base-displaced intercalated OTB-dG adducted DNA conformations {#SEC3-4}
-------------------------------------------------------------------------------------------------------

### Base-displaced intercalated structures exhibit sequence and adduct ionization state-dependent increases in duplex untwisting, rise and minor groove dimensions {#SEC3-4-1}

Intercalation of OTA into the helix to adopt the (base-displaced intercalated) stacked structures results in significant backbone untwisting (by up to 37°) and minor groove enlargement (by up to 5 Å) in the region specific to the adduct, compared to the unmodified control (Figure [6](#F6){ref-type="fig"} and Supplementary Table S3). The extent of duplex untwisting is greater with adduction at G^1^ and G^2^, with little distortion occurring upon lesion incorporation at G^3^, especially for neutral and monoanionic OTB-dG. Of the three OTB-dG forms, the dianionic state inflicts the greatest perturbation to the duplex twist and minor groove dimensions (Figure [6](#F6){ref-type="fig"} and Supplementary Table S3), possibly due to increased electrostatic repulsion when the highly negatively charged OTB-moiety intercalates into the helix. In addition to untwisting and minor groove enlargement, sequence-dependent differences are found in the rise parameter calculated between the base pairs flanking the lesion (Figure [6](#F6){ref-type="fig"} and Supplementary Table S3). Specifically, the rise increases by up to 0.7 Å compared to the unmodified control with the lesion at G^1^ and G^3^ irrespective of the ionization state, while no perturbation to the natural parameters occurs upon damage at G^2^. In addition, the base-displaced intercalated conformations of OTB-dG adducted DNA acquire either an O4′-*endo* or twisted C1′-*exo* O4′-*endo* pucker of 2′-deoxyribose (Supplementary Figure S15).

### Opposing cytosine stabilization determines the free energy rankings of the base-displaced intercalated structures {#SEC3-4-2}

Figure [4](#F4){ref-type="fig"} indicates a strong sequence dependence of the stacking interactions in the base-displaced intercalated structures. Specifically, the adduct at G^2^ exhibits the weakest stacking, followed by G^3^, while G^1^ damage leads to the strongest stacking interactions. Although this suggests that the base-displaced intercalated structures will be the least stable when the adduct is at G^2^, the free energy rankings (Table [1](#tbl1){ref-type="table"}) indicate that the base-displaced intercalated structures are of comparable (or even greater) stability at G^2^, than G^1^ or G^3^. Thus, the stacking interactions do not explain the free energy trend observed for the base-displaced intercalated structures.

Analysis of representative structures (Figure [8](#F8){ref-type="fig"}) indicates that additional interactions involving the opposing cytosine stabilize the base-displaced intercalated structure at G^2^. Specifically, when the adduct is at G^2^, an interaction exists between N^4^ of the opposing cytosine and the phosphate group of the 5′-guanosine nucleotide (48, 61 and 76% occupancy for the neutral, monoanionic and dianionic lesions, respectively). This base-phosphate interaction is only possible when the cytosine opposing the adduct is flanked on the 5′-side by a purine (guanine) followed by a pyrimidine (cytosine). Such a sequence context brings the phosphate group in close proximity to the extrahelical cytosine. In addition to this base-phosphate interaction, a second minor interaction occurs between O^2^ of the opposing cytosine and N^4^ of the 3′-cytosine for the neutral lesion (27% occupancy). However, this interaction only occurs for 7% of the total simulation time for the monoanionic lesion and is not observed for the dianionic lesion. Due to differences in sequence context, no such interactions occur when the adduct is at G^1^ or G^3^ (Figure [8](#F8){ref-type="fig"}).

![Base-phosphate and nucleobase--nucleobase interactions between the cytosine opposing the dianionic OTB-dG adduct at G^2^ and its flanking nucleotides in the base-displaced intercalated duplex, as well as the corresponding structures with the adduct at G^1^ and G^3^ that lack such interactions.](gku821fig8){#F8}

DISCUSSION {#SEC4}
==========

Factors affecting the conformational equilibrium of the OTB-dG lesion {#SEC4-1}
---------------------------------------------------------------------

Our extensive MD and free energy analysis suggests that the conformational preferences of OTB-dG adducted DNA are determined by a combination of two factors: (1) the sequence context and (2) the OTA ionization state.

### Effect of the sequence context {#SEC4-1-1}

To understand the sequence dependence of the conformational preferences, we focus on the monoanionic OTB-dG lesion, which is likely to be one of the prevalent OTA ionization states at physiological pH. The monoanionic OTB-dG lesion displays a conformational mixture of the major groove and wedge conformations (within 0.2 kcal mol^−1^) at G^1^, major groove and base-displaced intercalated structures (within 0.7 kcal mol^−1^) at G^2^ and wedge and base-displaced intercalated conformations (within 2.9 kcal mol^−1^) at G^3^ in the *Nar*I sequence (Table [1](#tbl1){ref-type="table"}). This sequence-dependent conformational heterogeneity is driven by discrete hydrogen-bonding interactions within the adducted base pair, and between the adducted pair and the neighboring residues. Specifically, although the major groove conformation is of comparable stability at the G^1^ and G^2^ positions, the wedge conformation is destabilized at G^2^ because of the loss of one Hoogsteen hydrogen bond due to steric hindrance posed by the 5′-guanosine with respect to the adduct. On the other hand, additional base-phosphate interactions involving the opposing extrahelical cytosine stabilize the base-displaced intercalated conformation at G^2^. The required close proximity between the cytosine and phosphate in the 5′-nucleotide is only observed at G^2^ when the sequence 5′ with respect to the extrahelical cytosine contains a pyrimidine (cytosine) as the next-nearest neighbor. Similarly, greater stabilization of the wedge conformation at G^3^ occurs due to an additional hydrogen bond between the opposing cytosine and the 3′-cytosine with respect to the adduct (Figure [7](#F7){ref-type="fig"}). In addition, enhanced stacking interactions between the OTA moiety at G^3^ and the 3′ and 5′-guanosines with respect to the opposing cytosine in the wedge and base-displaced conformation may explain why the major groove conformation is energetically less favored upon adduct formation at this position. Thus, there exists an intricate connection between the nature of interbase interactions and the overall stability of adducted DNA.

### Effect of the OTA ionization state {#SEC4-1-2}

The conformational preferences of the OTB-dG adduct are affected by the charge of the OTA moiety, albeit to a lesser extent than the sequence context. In general, ionization of the OTA phenolic group destabilizes the base-displaced intercalated structure at all three *Nar*I positions. This mainly occurs because of enhanced (unfavorable) electrostatics with increasing charge upon intercalation of OTA into the DNA helix. In the case of the wedge conformations, increased OTA charge at G^2^ leads to relatively smaller penetration of the C8-moiety into the helix, which in turn changes the hydrogen-bonding pattern and relative free energies. On the other hand, since the OTA moiety remains extrahelical in the major groove conformations, the relative free energies of these conformations are less affected by the charge of the OTA moiety.

Conformational heterogeneity of the OTB-dG lesion {#SEC4-2}
-------------------------------------------------

Despite the sequence and OTA ionization state dependence of the relative stabilization of the three adducted DNA conformations, the small energetic separation indicates that OTB-dG comparably stabilizes different conformations, including those with the carcinogenic moiety in the major groove, the minor groove and the base-displaced intercalated position. This suggests a possible conformational equilibrium in cells, which is affected by the sequence context. Such tendency to adopt a mixture of conformations has been reported for other adducts including the polycyclic aromatic hydrocarbons ([@B40]) and aromatic amine adducts ([@B35],[@B51],[@B53]), and is believed to lead to varied mutagenic outcomes ([@B40],[@B65]). Thus, it is plausible to hypothesize that the OTB-dG adduct may exist in a mixture of three conformations, each of which may have a different mutagenic outcome.

Comparison of OTB-dG and aromatic amine modified double helices at G^1^, G^2^ or G^3^ in the *Nar*I sequence {#SEC4-3}
------------------------------------------------------------------------------------------------------------

Previous studies on the model aromatic amine carcinogen N-acetyl-2-aminofluorene (AAF) bonded to the C8-position of dG have shown that the *Nar*I sequence is a hotspot for deletion mutations in *Escherichia coli* ([@B39],[@B41],[@B66],[@B67]). Therefore, a number of studies have structurally characterized AAF-dG ([@B41]) (Figure [9](#F9){ref-type="fig"}), as well as other aromatic amine adducts bonded to C8-dG, such as those formed from aminofluorene (AF-dG) ([@B52],[@B53]) and 2-amino-3-methylimidazo\[4,5-f\]quinolone (IQ-dG) (Figure [9](#F9){ref-type="fig"}) ([@B49],[@B54]), in the *Nar*I sequence using NMR and molecular modeling techniques. Existing studies on these aromatic amine adducts indicate that subtle changes in the chemical structure of the adduct may strongly influence the conformational preference(s) ([@B41],[@B42],[@B68]). However, the OTB-dG adduct is inherently distinct from other C8-DNA (aromatic amine) adducts in a number of ways. First, the OTB-dG belongs to one of the relatively less studied class of C-linked C8-dG adducts in which the bulky carcinogenic moiety is bonded to C8 of guanine through a direct C--C linkage. On other hand, all aromatic amine C8-dG lesions (e.g. AF-dG, AAF-dG, IQ-dG) are N-linked adducts in which the bulky moiety is bonded at C8 through a C--N--C linkage. In other words, the C8-linkage is more flexible in case of aromatic amines. Second, the C8-moiety in OTB-dG contains a fused two ring system (one aromatic carbocyclic ring and one saturated heterocyclic ring), which are connected via an amide linkage to a phenylalaninic moiety. In contrast, the aromatic amine adducts generally contain carbocyclic or heterocyclic ring systems consisting of a single or multiple (fused or biphenyl--type) rings. Third, the identity of functional groups is unique in OTB-dG (phenolic, carboxylic groups and carbonyl groups) compared to most aromatic amines (i.e. acetyl group in AAF-dG), while other aromatic amine adducts do not contain specific functional groups. Most importantly, whereas the OTB-dG adduct can exist in three possible ionization states (neutral, monoanionic and dianionic), no examples of different ionization states of the aromatic amine adducts exist in literature. Therefore, comparison of the conformational preferences and structural details of the OTB-dG adduct to other bulky DNA lesions is of interest to understand how the chemical structure of the bulky moiety governs the conformation of adducted DNA, which may affect the associated mutagenic outcomes.

![Structures of the AF-dG, AAF-dG and IQ-dG adducts previously studied in the *Nar*I recognition sequence.](gku821fig9){#F9}

Although AAF-dG ([@B41]) and OTB-dG adducted DNA (in three ionization states) can acquire three (major groove, wedge and base-displaced intercalated) major helical conformations, the AF-dG ([@B41],[@B52],[@B53]) and IQ-dG ([@B54]) adducts only acquire two of the three conformations in the *Nar*I sequence. Specifically, the AF-dG adduct only leads to the major groove and base-displaced intercalated conformations when paired against C ([@B41],[@B66],[@B69]). In contrast, the IQ-dG lesion acquires a minor groove conformation at G^1^ and G^2^, but a base-displaced intercalated structure at G^3^, and preferentially excludes the major groove conformation observed for other two aromatic amine adducts when paired against C ([@B49],[@B54]). Thus, the greater conformational heterogeneity observed for AAF-dG and OTB-dG appears to be due to the presence of additional and flexible groups (the acetyl group in AAF-dG and the amide-linked phenylalaninic moiety in OTB-dG) compared to AF-dG and IQ-dG (no flexible groups in the bulky moiety).

Previous studies on the AF-dG and AAF-dG adducts indicate that the major groove conformations are structurally similar to the unmodified helix, while the base-displaced conformations lead to duplex untwisting and minor groove enlargement ([@B41]). Similar results were found in the present study for OTB-dG, indicating that regardless of charge on the C8-moiety, these are general structural characteristics of bulky lesion-modified duplexes. On the other hand, the OTB-dG and AF-dG ([@B41]) base-displaced intercalated structures lack the base-phosphate interactions between the adducted guanine and the phosphate atom of the 5′ nucleotide with respect to the adduct that are present upon incorporation of AAF-dG ([@B41]) and IQ-dG ([@B49]). However, a sequence context exists for (both neutral and charged) OTB-dG such that the base-displaced intercalated conformation can acquire additional stabilization through base-phosphate interactions between the opposing base and its flanking nucleotide (Figure [8](#F8){ref-type="fig"}). Similar stabilizing hydrogen-bonding interactions have yet to be reported for (neutral) aromatic amine adducts.

Although the OTB-dG and AAF-dG wedge conformations generally have similar Hoogsteen hydrogen bonding at the three guanine positions, adduct ionization-dependent variations in the hydrogen-bonding interactions are seen for OTB-dG. For example, an interstrand and interstep hydrogen bond occurs between the amino group of cytosine opposing the lesion and O2 of the cytosine on the 3′-side of the adduct in the predominant monoanionic form of the OTB-dG lesion (Figure [7](#F7){ref-type="fig"}), which compensates for the reduced accessibility of the hydrogen bond between amino group of the opposing cytosine and N7 of the adducted guanine (Figure [5](#F5){ref-type="fig"}). This conformation mainly originates due to steric crowding at the C8-linkage of adducted guanine, which makes N7 less accessible for hydrogen bonding. Furthermore, this steric crowding only occurs in the case of C-linked adducts that, unlike N-linked aromatic amine adducts, lack a flexible (C--N--C) linkage at the C8-site in dG. This reiterates the important finding that adducts with a C--C linkage at C8 (e.g. OTB-dG) display different structural characteristics compared to the relatively well-studied aromatic amine adducts with a C--N--C linkage at C8.

In addition to hydrogen bonding, the trends in the stacking interactions between the lesion-containing base pair and the neighboring pairs vary in the wedge conformation. Specifically, whereas the wedge structure of AAF-dG adducted DNA possess stacking interactions comparable to the unmodified control at all three guanine positions, the stacking interactions are significantly greater at G^1^ position for all three ionization states of OTB-dG. However, the effect of adduct ionization is more pronounced at G^2^ position, where the stacking interactions are significantly enhanced for the neutral lesion, and weaker in the case of the anionic forms, relative to the unmodified control. On the contrary, the stacking interactions are comparable to the unmodified control at the G^3^ position for the neutral form, and significantly enhanced for the anionic forms. Thus, the availability of different ionization of OTB-dG leads to a more complex sequence dependence in the stacking interactions at the lesion site compared to AAF-dG, a representative aromatic amine adduct.

In summary, the differences in size, linkage, composition and charge of the bulky moiety affect discrete interactions in the helix, which in turn affect the sequence dependence of the conformational preferences. Nevertheless, significant conformational heterogeneity is observed for many C8-dG lesions.

Relevance to OTA mutagenesis {#SEC4-4}
----------------------------

### Nucleotide excision repair efficiency of the OTB-dG adduct {#SEC4-4-1}

The mutational outcome of a particular DNA adduct depends on its persistence in the genome, which in turn depends on its ability to be recognized by repair enzymes. It is widely believed that lesions that thermodynamically destabilize and distort DNA are better nucleotide excision repair (NER) substrates ([@B35],[@B39],[@B41]), a common pathway for repair of bulky DNA adducts ([@B70]). A previous crystal structure of the yeast ortholog of XPC-RAD23B (a recognition factor involved in the initial steps of NER recognition in eukaryotes) bound to DNA reveals that insertion of the β-hairpin through the major groove side of DNA combined with flipping of the opposing base(s) out of the helix are important factors in initial steps of NER recognition ([@B71]). Furthermore, modeling studies on polycyclic aromatic hydrocarbon lesions indicate that intercalation of the adducted moiety from the major groove side can possibly obstruct β-hairpin insertion and flipping of the opposing base(s) ([@B72]). In contrast, minor groove intercalation of the adducted moiety facilitates β-hairpin insertion and flipping of the opposing base into the minor groove ([@B73]).

Our work indicates that the greatest structural distortions to DNA upon OTB-dG incorporation occur in the base-displaced intercalated conformation. Furthermore, in this conformation, the OTA moiety intercalates from the minor groove side, which may assist insertion of the β-hairpin of the NER recognition factor through the major groove side of the adducted DNA. In addition, the β-hairpin insertion will likely be facilitated due to a reduced energetic penalty required for flipping the already extrahelical opposing base out of the helix, which in turn will enhance the adduct repair propensity. Nevertheless, significant thermodynamic stabilization provided by lesion--base stacking interactions to the adducted helix may prevent damage recognition ([@B72]), which could in turn prevent recruitment of subsequent NER factors and may provide resistance to NER ([@B73]). Regardless, the greater structural distortions and extrahelical position of opposing cytosine likely combine to make the base-displaced intercalated structure prone to repair. However, since the OTA moiety resides in the minor groove in the wedge conformation, it is possible that NER recognition is most favourable in this conformation due to facilitation of β-hairpin insertion. Nevertheless, due to negligible distortion to the DNA helix, the nearly energetically equivalent major groove and wedge conformations may elude repair.

Based on the anticipated greater repair propensity of the base-displaced stacked structure, the neutral and monoanionic OTB-dG will likely be more prone to repair because of a greater preference for this conformation. However, since the dianionic form favors the structurally less distorting major groove and wedge conformations, this charged lesion may evade repair. Furthermore, in addition to the ionization state, the NER recognition of the adduct may depend on the sequence context. For example, due to greater accessibility of the base-displaced intercalated conformation at G^2^, the monoanionic form of OTB-dG may more likely undergo repair at G^2^ than G^1^ and G^3^. Thus, the differential repair of different conformations of the OTB-dG adduct will lead to its complicated mutagenic profile in cells.

### OTA-mediated deletion mutations {#SEC4-4-2}

As discussed in the Introduction, several studies ([@B13],[@B22],[@B23]) strongly suggest the involvement of direct genotoxic effects in OTA-induced mutagenesis, which includes OTA-DNA adduct formation. One OTA-induced mutation that has been experimentally observed is the formation of deletion mutations ([@B28]). Since the major groove and wedge conformations are less likely to be repaired, it is possible that adducted DNA adopts these conformations in dsDNA and at the start of replication. However, the small calculated energy difference between the three unique conformations suggests that the major groove or wedge conformation may interconvert to the intercalated conformation at the replication fork ([@B75]). This may cause the polymerase to stall and introduce deletion mutations through a base-slippage mechanism ([@B76]). Indeed, deletion mutations may be stabilized by the base-displaced intercalated conformation as reported for select aromatic amine adducts ([@B77],[@B78]). Thus, the greater accessibility of the base-displaced intercalated conformation observed in the neutral and monoanionic forms of OTB-dG at all three guanine positions indicates that these forms are more likely induce deletion mutations compared to the dianionic form, where the base-displaced intercalated structures are the least accessible. However, in addition to greater accessibility of base-displaced intercalated structure, the neutral lesion exhibits the greatest conformational flexibility at all three guanine positions among the three OTB-dG charged states, being the most flexible at G^3^. Since increased conformational flexibility at the lesion site has been linked to base misincorporation ([@B74]), neutral OTB-dG is likely to induce base-substitution rather than frameshift mutations. Thus, the monoanionic OTA ionization state is the most likely candidate to induce deletion mutations.

Interestingly, a study of *gpt* delta rats given a carcinogenic dose of OTA using *in vivo* mutation assays indicates that OTA-induced genotoxic effects only occur in specific regions (outer stripe of the outer medulla) of the kidney rather than the whole kidney ([@B20]). Such a differential expression of OTA-induced carcinogenesis in renal tissues can be ascribed to a number of factors, including the difference in metabolic activation of OTA between cells of different tissues, the level of OTA exposure of a particular tissue and the nature of the OTA adduct formed at a specific DNA site (the major (OTB-dG) carbon-linked or the minor (OTA-dG) oxygen-linked adduct) and the existence of alternate adduct conformations. Indeed, such factors are believed to influence the mutagenesis of a variety carcinogenic DNA adducts ([@B76],[@B79]--[@B82]). Our work verifies for the first time that multiple OTA-dG conformations are energetically accessible. It is possible that some of these (potentially mutagenic) conformations may be more dominant in particular cellular environments compared to other (potentially nonmutagenic) conformations, which thereby explains the observed selective mutagenicity depending on the tissue considered.

### OTA-mediated induction of double-strand breaks {#SEC4-4-3}

Previous studies have shown that the genes associated with homologous recombination repair are activated upon treatment of cells with OTA, indicating the induction of double-strand breaks in DNA ([@B28]). The induction of double-strand breaks indicates that OTB-dG is not easily bypassed during replication by alternate enzymes (e.g. during translesion synthesis ([@B83])). Although the present study does not predict the structure of OTB-dG during replication, the active site of replicative enzymes may alter the relatively small energy differences between different conformations, thereby changing the preferred conformation. Double-strand breaks can occur when a DNA lesion blocks replication by inhibiting the replication fork ([@B84]). Based on studies on other adducts, OTA replication blockage is likely caused by either a base-displaced intercalated structure that has evaded repair ([@B48]) or an intercalated structure formed at the template-primer junction ([@B85]). However, our calculated structures highlight the larger and more flexible amide-linked phenylalaninic moiety of OTB-dG in DNA compared to C8-substituents in other C8-dG adducts. As a result, the protrusion of the OTA moiety into either the major or minor DNA groove (i.e. adoption of the major groove or wedge conformation) may also block replicative enzymes. Thus, a combination of the conformational flexibility and large size of this adduct is likely responsible for the observed varied mutagenic outcomes.

SUPPLEMENTARY DATA {#SEC5}
==================

[Supplementary Data](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku821/-/DC1) are available at NAR online.
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